
References
1. Punyagupta S, Juttijudata P, Bunnag T. Eosinophilic meningi-

tis in Thailand. Clinical studies of 484 typical cases probably
caused by Angiostrongylus cantonensis. Am J Trop Med Hyg
1975;24:921–931.

2. Jindrak K. Angiostrongyliasis cantonensis (eosinophilic meningi-
tis, Alicata’s disease). Contemp Neurol Ser 1975;12:133–164.

3. Koo J, Pien F, Kliks M. Angiostrongylus (Parastrongylus) eo-
sinophilic meningitis. Rev Infect Dis 1988;10:1155–1162.

4. Prociv P, Spratt D, Carlisle M. Neuro-angiostrongyliasis: unre-
solved issues. Int J Parasitol 2000;30:1295–1303.

5. Vejjajiva A. Parasitic diseases of the nervous system in Thailand.
Clin Exp Neurol 1978;15:92–97.

6. Kuberski T, Wallace G. Clinical manifestations of eosinophilic
meningitis due to Angiostrongylus cantonensis. Neurology
1979;29:1566–1570.

7. Schmutzhard E, Boongird P, Vejjajiva A. Eosinophilic menin-
gitis and radiculomyelitis in Thailand, caused by CNS invasion
of Gnathostoma spinigerum and Angiostrongylus cantonensis.
J Neurol Neurosurg Psychiatry 1988;51:80–87.

8. Dooley J, Neafie R. Angiostrongylus cantonensis infections. In:
Binford C, Connor D, eds. Pathology of tropical and extraor-
dinary diseases. Washington, DC: Armed Forces Institute of
Pathology, 1976:446–451.

9. Hwang K, Chen E. Clinical studies on angiostrongyliasis can-
tonensis among children in Taiwan. Southeast Asian J Trop
Med Public Health 1991;22(suppl):194–199.

10. Tsai H, Liu Y, Kunin C, et al. Eosinophilic meningitis caused
by Angiostrongylus cantonensis: report of 17 cases. Am J Med
2001;111:109–114.

11. Cooke-Yarborough C, Kornberg A, Hogg G, et al. A fatal case
of angiostrongyliasis in an 11-month-old infant. Med J Aust
1999;170:541–543.

12. Witoonpanich R, Chuahirun S, Soranastaporn S, Rojanasunan
P. Eosinophilic myelomeningoencephalitis caused by An-
giostrongylus cantonensis: a report of three cases. Southeast
Asian J Trop Med Public Health 1991;22:262–267.

13. Kliks M, Kroenke K, Hardman J. Eosinophilic
radiculomyeloencephalitis: an angiostrongyliasis outbreak in
American Samoa related to ingestion of Achatina fulica snails.
Am J Trop Med Hyg 1982;31:1114–1122.

14. Wood G, Delamont S, Whitby M, Boyle R. Spinal sensory ra-
diculopathy due to Angiostrongylus cantonensis infection. Post-
grad Med J 1991;67:70–72.

15. Pipitgool V, Sithithaworn P, Pongmuttasaya P, Hinz E. An-
giostrongylus infections in rats and snails in northeast Thailand.
Southeast Asian J Trop Med Public Health 1997;28(suppl 1):
190–193.

16. Waisberg J, Corsi C, Rebelo M, et al. Jejunal perforation
caused by abdominal angiostrongyliasis. Rev Inst Med Trop
Sao Paulo 1999;41:325–328.

17. Limaye L, Bhopale M, Renapurkar D, Sharma K. The distri-
bution of Angiostrongylus cantonensis (Chen) in the central
nervous system of laboratory rats. Folia Parasitol (Praha) 1983;
30:281–284.

18. Yii C. Clinical observations on eosinophilic meningitis and me-
ningoencephalitis caused by Angiostrongylus cantonensis on
Taiwan. Am J Trop Med Hyg 1976;25:233–249.

19. Punyagupta S, Bunnag T, Juttijudata P. Eosinophilic meningi-
tis in Thailand. Clinical and epidemiological characteristics of
162 patients with myeloencephalitis probably caused by Gna-
thostoma spinigerum. J Neurol Sci 1990;96:241–256.

20. Kuberski T, Bart R, Briley J, Rosen L. Recovery of An-
giostrongylus cantonensis from cerebrospinal fluid of a child
with eosinophilic meningitis. J Clin Microbiol 1979;9:
629–631.

21. Nelson R, Warren R, Scotti F, et al. Ocular angiostrongyliasis
in Japan: a case report. Am J Trop Med Hyg 1988;38:
130–132.

22. Nishimura K, Hung T. Current views on geographic distribu-
tion and modes of infection of neurohelminthic diseases.
J Neurol Sci 1997;145:5–14.

Microscopic R2* Mapping
of Reduced Brain Iron in
the Belgrade Rat
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R2* mapping has recently been used to detect iron over-
load in patients with movement disorders. We demon-
strate here that this technique can also be used to detect
reduced brain iron, as in the case of a missense mutation
in the iron-transporting protein divalent metal trans-
porter 1. Surprisingly, we found that the same brain re-
gions are affected (ie, the globus pallidus, substantia
nigra, and cerebellar dentate nucleus); this suggests a
much more extensive role for these structures in regulat-
ing overall brain iron homeostasis. Therefore, for the
clinical monitoring of movement disorders for which
normal brain iron homeostasis (either overload or reduc-
tion) may be implicated, R2* mapping appears to be
well-suited.
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In the brain, iron is an essential element for basic cel-
lular processes such as myelination, neurotransmitter
production, and adenosine triphosphate synthesis. Evi-
dence has now accumulated1 for an association be-
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tween excess brain iron and a number of common neu-
rodegenerative disorders, such as Parkinson’s disease,
Huntington’s disease, Friedreich’s ataxia, Alzheimer’s
disease, epilepsy, Hallervorden-Spatz disease,2 and neu-
roferritinopathy.3 Elucidating the exact biochemical
pathways of brain iron delivery, uptake, and intracere-
bral transport is of paramount importance for a better
understanding of the role of iron in the underlying pa-
thologies of these disorders.

It is currently believed that iron transport to the
brain is mediated by transferrin and the transferrin re-
ceptor. Upon the endocytosis of transferrin-iron-
transferrin receptor and the release of iron in the acidic
endosomes, iron is translocated to the cellular cyto-
plasm by divalent metal transporter 1 (DMT1).4 At
present, very little is known about intracerebral inter-
cellular iron transport beyond the endothelium. The
Belgrade (b/b) rat5 has a G185R mutation in DMT1,
resulting in hypochromic, microcytic anemia with the
presence of mitochondria that contain less iron.6 Less
iron gets to mitochondria because of a defect in the
exit of iron from endosomes during the transferrin cy-
cle.7 The defect also affects transferrin-independent
iron uptake in the intestinal tract8 and elsewhere.9 The
b/b rat model has, therefore, been used to determine
the effect of inactive DMT1 on cellular iron distribu-
tion in the brain.10 It has been determined that Bel-
grade rats have fewer and less dense iron-positive pyra-
midal neurons and oligodendrocytes, indicating the
importance of DMT1 in maintaining normal brain
iron homeostasis and suggesting a role for brain iron
acquisition.

Although these and other reports rely on traditional
histochemical staining techniques for the detection of
iron (ie, diaminobenzidine-enhanced Perls’ reaction),
recent advances in magnetic resonance imaging have
shown that it is possible to detect iron noninvasively.
The antiferromagnetic Fe(III) oxyhydroxide cores of
the protein ferritin form local microscopic field inho-
mogeneities that enable faster T2 and T2* proton re-
laxation. On standard spin-echo and gradient-echo
magnetic resonance imaging sequences, the net result is
an area of hypointensity for the iron-containing tissue,
but in general these methods are prone to artifacts, lack
specificity for iron (other tissue components may cause
hypointensity), and are semiquantitative at best. The
rate of the transverse relaxation, R2, is proportional to
the local iron concentration and increases linearly with
the field. Therefore, the field-dependent R2 increase
may be used as a specific parameter for the quantifica-
tion of tissue iron,11,12 but its clinical use requires at
least two instruments. R2* refers to T2 relaxation with-
out pulse compensation for proton dephasing that oc-
curs in the vicinity of microscopic field gradients, and
it is most sensitive to the presence of iron. Although
other tissue components may contribute to R2*, R2*

mapping has recently been used to detect brain iron
overload in the basal ganglia of patients with Parkin-
son’s disease13 and in the cerebellar dentate nucleus in
Friedreich’s ataxia.14 Although this technique has been
proven to be able to detect excess brain iron, its suit-
ability for detecting diminished brain iron (eg, for the
Belgrade rat) remains unproven. We report here that
R2* mapping may also be used to provide uniquely
sensitive and quantitative information about reduced
brain iron.

Materials and Methods
Brains from b/b Fischer/Wistar rats, ages 26 to 28 months
(n � 3), and age-matched �/b littermate wild-type controls
(n � 3) were perfused with 4% paraformaldehyde and placed
in 12ml syringes filled with a perfluoropolyether (devoid of
proton signals). Three-dimensional, multigradient-echo mag-
netic resonance images were obtained at a 104�m isotropic
resolution with a 4.7T Varian INOVA NMR spectrometer
(Palo Alto, CA) and a DOTY Litz coil 25mm in diameter.
The scan parameters were as follows: field of view, 30 �
20 � 20mm; matrix, 288 � 192 � 192; number of excita-
tions, 12; repetition time, 100msec; echo time, 6msec; num-
ber of echoes, 6; and flip angle, 15 degrees. Interactive Data
Language (IDL) processing software was then used to create
images from the three-dimensional data set. From the ampli-
tude images of each different echo, R2* maps were calculated
by the fitting of an exponential decay to every voxel with
sufficient intensity.

For each region of interest in both hemispheres, the aver-
age R2* from three adjacent slices was calculated with a fixed
number (n) of pixels. This was done for the globus pallidus
(n � 425), substantia nigra (n � 200), dentate nucleus (n �
225), normal cortical gray matter (n � 325), and normal
white matter (ventral hippocampal commissure, n � 250).
The mean R2* values for both hemispheres were used be-
cause the difference between the two sites was less than or
equal to 5%. R2* data were analyzed for statistical signifi-
cance with a two-tailed Student t test.

Results
Figure 1 shows the R2* maps of mutant animals versus
wild-type animals. For histopathological correlation, a
side-by-side comparison is shown for deparaffinated
10�m tissue sections stained for ferric iron with a
diaminobenzidine-enhanced Perls’ reaction. R2* maps
are shown as intensity maps; that is, areas with higher
R2* values (more iron) display higher signal intensity.

To obtain quantitative information on the relative
amount of iron, we calculated the average R2* for each
region of interest. Figure 2 shows a striking and signif-
icant (p 	 0.001) difference between the two groups
for the globus pallidus, substantia nigra, and dentate
nucleus, whereas normal gray and white matter were
not affected (p � 0.05).

Discussion
We were surprised to observe that the same brain re-
gions commonly reported to be involved in iron over-
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load (the globus pallidus, substantia nigra, and dentate
nucleus) are apparently also specifically implicated in
iron reduction due to impaired DMT1. This parallel
implicates these regions in a much more extensive role
in regulating overall brain iron homeostasis, serving not
only as a well-established depot for storing excess iron
but also as centers that become depleted when intracel-
lular (endosomal) DMT1-dependent iron trafficking is
blocked. It is at present unclear whether this is the di-
rect result of reduced iron uptake in these regions; it
could also result from an increased demand for iron
from other areas of the brain, which could accelerate
depletion. In Belgrade rats, there is a decrease in im-

munodetectable DMT1 on endothelial cells in compar-
ison with normal rats.15

It is noteworthy that R2* mapping of patients with
restless legs syndrome recently indicated significantly
decreased R2* values in the substantia nigra and to a
lesser extent in the putamen, which was speculated to
be the result of brain iron insufficiency.16 This study
shows a direct, specific correlation between reduced
brain iron content and R2* values. Of further signifi-
cance is our observation that, contrary to the results of
a clinical restless legs syndrome study,16 there was a
significant reduction in R2* values of the dentate nu-
cleus in Belgrade rats. Our studies were carried out at a
higher field strength (4.7T) than that of most clinical
scanners (3.0 and 1.5T), and because 1/T2 of ferritin
increases linearly with the field,17 this higher field
strength may be more sensitive in detecting the pres-
ence of iron. Our data clearly indicate that Belgrade
rats should be carefully observed for any symptoms as-
sociated with restless legs syndrome, and that it should
also be determined whether DMT1 expression and
iron transport are compromised in restless legs syn-
drome patients.18 Therefore, we believe that this rat
model may serve as a basis for further study of this
prevalent movement disorder, which affects between 5
and 15% of adults.19,20

In summary, these results demonstrate that magnetic
resonance imaging in conjunction with R2* mapping
can be used to pinpoint, with microscopic precision,
tissue areas that are most affected by a missense muta-
tion in the iron-transporting protein DMT1. In addi-
tion to detecting iron overload, R2* mapping may,
therefore, also be used to visualize reduced brain iron,

Fig 2. Calculated average R2* values for the globus pallidus
(GP), substantia nigra (SN), and cerebellar dentate nucleus
(CDN) of �/b and b/b rats. The R2* values for the unaf-
fected areas of normal white matter (NWM) and gray matter
(NGM) are shown as internal controls.

Fig 1. Microscopic R2* maps and diaminobenzidine (DAB)-enhanced Prussian blue stains of �/b wild-type control and b/b rats.
Arrows indicate the outline of the globus pallidus (GP), substantia nigra (SN), and cerebellar dentate nucleus (CDN).
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opening the door to noninvasive monitoring of brain
iron homeostasis at regional and cellular levels. Because
this can be done noninvasively and serially (repeatedly
over time), this technique appears well suited for the
clinical monitoring of movement disorders for which
normal brain iron homeostasis may be implicated, be it
an excess or insufficiency.
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Preferential Loss of Paternal
19q, but Not 1p, Alleles in
Oligodendrogliomas
Marc Sanson, MD, PhD,1,2 Pascal Leuraud, MSc,2
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Portions of chromosomes 1p and 19q, which are fre-
quently deleted in oligodendrogliomas, are subject to
genomic imprinting, suggesting that the putative tumor
suppressor genes could be monoallelically expressed. The
parental origins of 1p and 19q allele losses were deter-
mined in 6 cases of pure oligodendroglioma. An equili-
brated parental loss (3 maternal and 3 paternal) was
found for 1p deletions. In contrast, 19q deletions always
occurred on the paternal copy ( p � 0.015). In this set-
ting, a cloning strategy based on a search for homozygous
deletion or mutation of the remaining allele would be
appropriate for identifying the tumor suppressor gene lo-
cated on 1p but inappropriate for identifying the pre-
sumably monoallelically expressed tumor suppressor gene
located on 19q.

Ann Neurol 2002;52:105–107

Combined losses of 1p and 19q chromosomes occur in
50 to 70% of patients with oligodendroglioma. This
finding is important, not only as a diagnostic marker of
oligodendroglioma but also as an indicator of higher
chemosensitivity and prolonged survival.1 Strategies for
cloning the putative tumor suppressor genes located on
these chromosomes are being developed, based on a
search for homozygous deletion or mutation of the re-
maining allele. However, this approach may not be
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